S
oon after the widespread availability of computerized x-ray tomography (CT) in clinical medicine in the 1970s, reports began to appear of the changes in the brain in patients with Alzheimer's disease (AD). Atrophy of brain tissue was a common finding, but a critical review in 1990 concluded that ''at present there is little definite evidence for clear anatomic brain changes that accurately predict the cognitive dysfunction within a group of patients suffering with AD'' (1). Since then, convincing evidence that selective atrophy of particular brain regions is highly correlated with cognitive deficits characteristic of AD has been obtained. What has caused this revolution? First, it has been recognized that the diagnosis of AD was not sufficiently accurate in many early neuroimaging studies. Second, until pioneering studies from New York University (2), most early work did not examine the medial temporal lobe (MTL), the part of the brain with the highest density of AD histopathological markers (amyloid plaques and neurofibrillary tangles) (Fig.  1 ). In 1992 a CT study of patients with AD, whose diagnosis was later confirmed by histopathology, showed marked atrophy of the MTL (3). Third, there were few longitudinal studies to reveal changes in the same patients over time. One of these, however, showed rapid enlargement of the fluid-filled ventricles in the brain in patients with AD (4). Enlargement of the ventricles is usually caused by loss of brain tissue. A dramatic loss of tissue from the MTL, part of which shrunk at a rate of 15% per year, was found in serial CT studies on patients with AD (5). Because the MTL in controls only shrunk at onetenth of this rate, it was concluded that AD cannot be the result of an acceleration of normal aging, but must be the consequence of a disease process. The article by Scahill et al. (6) in this issue of PNAS takes the story into a new chapter by using serial MRI scans in patients with AD to show how the disease process, revealed by regional atrophy, spreads in a highly specific way from the MTL to other parts of the brain.
How do we know that the atrophy revealed by the structural neuroimaging reflects the progression of the disease process? AD is defined by its histopathology, so it might be assumed that the only way to track the spread of pathology would be devise a way of revealing the plaques and tangles in the living brain by neuroimaging. However, the clinical symptoms are not directly caused by the deposition of amyloid or the formation of intracellular tangles, but rather by the loss of neurons and, in particular, loss of their connections with other neurons made through synapses (7, 8) .
We can follow a trail back from the symptoms, through regional atrophy, through loss of neurons and fibers, and finally to the histopathological markers of AD. Cognitive deficits, in particular of memory, are associated with atrophy of the MTL in AD as revealed by CT (9) or MRI (10) . This association is specific because deficits in verbal memory correlate with atrophy of the left hippocampus and deficits in the nonverbal memory correlate with atrophy of the right hippocampus (11, 12) . Atrophy of brain tissue can be caused by shrinkage or death of neurons, loss of the neuropil (the axons and dendrites of neurons), or shrinkage of tracts of nerve fibers. All of these have been implicated in the atrophy of the MTL that occurs in AD. The numbers are striking: the cornu Ammonis of one hippocampus in the normal elderly occupies about 1.5 ml and contains some 9 million neurons but in end-stage AD the volume has shrunk by 66% and the number of neurons has dropped by 84% (13) . The MTL atrophy revealed by CT (9) and MRI (13-15) not only correlates with progression of the disease and the progressive loss of neurons but also with the increasing numbers of tangles. However, until the end stage of the disease, only a small proportion of neurons contains tangles, and the number of neurons that have died far exceeds the number containing tangles (14, 16) . Thus, although the density of tangles correlates with cognitive deficits in many studies, it is very likely that this correlation reflects the relationship between tangle deposition and neuronal loss in the vicinity of the tangle-bearing neurons. We can say, therefore, that atrophy of a brain region probably does reflect the classical histopathology of AD but that the atrophy is a better marker for damage to the functioning of a brain region than the deposits of insoluble proteins in plaques and tangles.
The idea that the pathological changes in AD spread through the cerebral cortex during the course of the disease was clearly expressed in 1985 in a seminal article in this journal (17) . These authors noticed that the tangles were not randomly distributed in neurons within a cortical area but were selectively deposited within the pyramidal neurons that give rise to pathways that connect an area with other cortical areas and͞or with subcortical regions. They suggested ''that the pathological changes in AD affect regions that are interconnected by well defined groups of connections and that the disease process may extend along the connecting fibers.'' The selective distribution of the pathology in the association areas of the cortex was thus accounted for because these areas have strong connections with neurons in the MTL (Fig. 2) . This discovery not only provides an explanation for the specific distribution of pathology at See companion article on page 4703. *E-mail: david.smith@pharm.ox.ac.uk. the end stage of AD, it also helps us to understand how certain symptoms can develop quite early in the disease before extensive pathological involvement of these cortical regions. The MTL comprises little more than 2% of the total volume of the cerebral cortex, but it is a crucial nodal point in the entire neural network. As pointed out by Hyman et al. (7) , the destruction of neurons in this region ''isolates the hippocampal formation by disconnecting major input and output pathways, and it is difficult to believe that the hippocampal formation in the brains of Alzheimer patients is functionally useful.'' What can we expect to happen in the target regions of the cortex (Fig. 2) when they become disconnected from the hippocampus? First, we would expect that the number of synapses in the target region would decrease, as found by staining for a synaptic marker (8) . Second, we might expect that this loss of synaptic input would lead to reduced activity in the target neurons and a decrease in blood flow in the region. This disconnection hypothesis was invoked (18) to explain the characteristic finding of reduced blood flow in the parietotemporal areas of the neocortex in AD at a stage when it is unlikely that atrophy of this region could account for the changed blood flow. The disconnection hypothesis may also account for metabolic (19) and blood flow reductions (20) found in this and several other regions that also receive input from neurons in the MTL. The disconnection hypothesis can account for the variety and the progression of symptoms in AD, reflecting the different cortical areas that become disconnected, usually starting with memory deficits, followed by semantic and executive deficits, then deficits in praxis, then behavioral problems, ending with the fullblown symptoms of AD.
The characteristic MTL atrophy in presymptomatic subjects reported by Scahill et al. (6) in this issue of PNAS has been found in several studies on people with mild cognitive impairment (21) (22) (23) . These findings are consistent with the idea that the pathological changes in the brain are initiated several years before the symptoms of AD become apparent. Clues about how early the pathology might occur have come from a more detailed analysis of the brain areas affected. The region of the MTL showing greatest atrophy in mild cognitive impairment is the entorhinal cortex, part of the parahippocampal gyrus (21, 23) . This is the same region that has been postulated by Braak and Braak (24) to be the site where AD pathology is first expressed. The Braaks have proposed a sequence for the spread of the pathology, based on the distribution of tangles found in unselected brains obtained at autopsy (Fig. 3) . This sequence is consistent with the known connections of the MTL and with the original hypothesis of Pearson et al. (17) . Clinical studies on patients who have died at different stages in this sequence have described the cognitive decline (25, 26) . It has been found, however, that the mild cognitive deficit at early stages is worsened by the presence of vascular pathology (27) and thus it is fortunate that the patients studied by Scahill et al. (6) were relatively young and therefore less likely to have cerebrovascular disease. A rough estimate of the time scale of the overall progression (Fig. 3) was provided by Ohm et al. (28) . The findings of Scahill et al. are broadly consistent with the scheme shown in Fig. 3 . Thus, their results can fairly be said to confirm the postulated spread of tangle pathology through the brain in AD, first proposed in 1991 (24) .
We can now be more confident in formulating a hypothesis to describe likely events in the brain of a person who develops AD. Many years (up to 50) before the symptoms occur, neurofibrillary tangles start to form in neurons in the parahippocampal gyrus. At some stage, this process is exacerbated, and many projection neurons in the MTL then start to die, leading to atrophy of the lobe and to early signs of memory deficits. Once denuded of their input from the MTL, neurons in the target areas of neocortex show reduced activity, leading to slower metabolism and a fall in local blood flow. They will no longer function properly in the neural networks underlying higher cognition. Perhaps as a consequence of their loss of synaptic input, some of these neocortical neurons then begin to develop tangles and many of them die, repeating the processes that began in the MTL. As the neurons die, their axons that connect the area to other cortical regions disintegrate. This axonal loss may be one of the reasons why the corpus callosum (Fig. 3) , the white matter tract that carries these corticocortical axons, also shows rapid atrophy (up to 12% per year) in AD (29) . Finally, the whole process of denervation, followed by induction of pathology and atrophy, occurs in the next cortical region in the chain. Because most of these cortical regions are reciprocally connected, we can imagine that an anatomically driven cascade process builds up.
At least three key questions arise from these findings. First, by what mechanism does the pathology spread along neural pathways from one brain region to another? Second, what initiates the process in the MTL that converts a benign deposition of neurofibrillary tangles into a rampant neurodegenerative event? Third, what are the implications of the long time course of the development and spread of the pathological changes?
I have already suggested that the loss of synaptic input might be one way in which the pathology spreads from one region to another in the cortex. Denervation is known to evoke many different responses in the target areas, which include remodeling of dendrites and the compensatory sprouting of axons originating from other areas. It has been suggested that such remodeling may underlie the cellular pathology of AD (30) .
By the age of 85 virtually everyone will have some neurofibrillary tangles in their cerebral cortex (28) and yet not everyone develops AD. Except for the autosomal dominant familial variants of AD, tangles and͞or amyloid alone are clearly not sufficient: other factors have to be present to initiate the pathological cascade that leads to rapid atrophy of the MTL that, in turn, sets off the march of the pathology through the cortex. It seems as though the MTL is a vulnerable part of the brain, because many things can cause it to atrophy, including hypoxia, posttraumatic stress, head injury, high blood pressure, and adrenal steroids. In patients with AD, elevated blood levels of the amino acid homocysteine are associated with a more rapid rate of MTL atrophy (31) , and in the normal elderly the size of the MTL is inversely related to the level of homocysteine (32) . These findings become more significant in view of the discovery that elevated levels of homocysteine many years before the onset of symptoms increase the risk of developing AD (33) . As well as environmental factors, there are likely to be genetic risk factors that predispose to atrophy of this brain region; thus, the presence of the apoE 4 allele seems to favor atrophy in the normal elderly (34) and in AD (35) .
The long time course of the spread of AD pathology through the brain raises the question whether neuroimaging could reveal these changes even earlier than in the study by Scahill et al. (6) . It is striking that minor deficits in learning and retention and abstract reasoning occur up to 22 years before the development of AD (36) . Such a long time course is similar to that of other common diseases, such as atherosclerosis. Interventions against known risk factors for atherosclerosis have had a dramatic effect on deaths from heart disease and stroke. There is every expectation that modifiable risk factors for the initiation and spread of AD pathology will be discovered, and therefore we can trust that it will be possible before too long to prevent or delay the development this terrible disease.
